The type IIA rat brain sodium channel is composed of three subunits: a large pore-forming ␣ subunit and two smaller auxiliary subunits, ␤1 and ␤2. The ␤ subunits are single membrane-spanning glycoproteins with one Ig-like motif in their extracellular domains. The Ig motif of the ␤2 subunit has close structural similarity to one of the six Ig motifs in the extracellular domain of the cell adhesion molecule contactin (also called F3 or F11), which binds to the extracellular matrix molecules tenascin-C and tenascin-R. We investigated the binding of the purified sodium channel and the extracellular domain of the ␤2 subunit to tenascin-C and tenascin-R in vitro. Incubation of purified sodium channels on microtiter plates coated with tenascin-C revealed saturable and specific binding with an apparent K d of Ϸ15 nM. Glutathione S-transferase-tagged fusion proteins containing various segments of tenascin-C and tenascin-R were purified, digested with thrombin to remove the epitope tag, immobilized on microtiter dishes, and tested for their ability to bind purified sodium channel or the epitopetagged extracellular domain of ␤2 subunits. Both purified sodium channels and the extracellular domain of the ␤2 subunit bound specifically to fibronectin type III repeats 1-2, A, B, and 6 -8 of tenascin-C and fibronectin type III repeats 1-2 and 6 -8 of tenascin-R but not to the epidermal growth factor-like domain or the fibrinogen-like domain of these molecules. The binding of neuronal sodium channels to extracellular matrix molecules such as tenascin-C and tenascin-R may play a crucial role in localizing sodium channels in high density at axon initial segments and nodes of Ranvier or in regulating the activity of immobilized sodium channels in these locations.
Voltage-gated sodium channels mediate the influx of sodium ions that is responsible for the rising phase of the action potential in neurons and other excitable cells. Action potentials are initiated at the axon initial segment (1, 2) , where sodium channels are localized in high density (3, 4) . In myelinated nerves, rapid conduction of the action potential depends on the high density of voltage-gated sodium channels at nodes of Ranvier (5, 6) . The mechanisms by which sodium channels are sorted to the cell surface after synthesis, transported to the membrane, and concentrated in specialized regions of high density are unknown. Interaction with glial cells or extracellular matrix proteins may play a role in this process. In shiverer mice, which lack myelin basic protein and have hypomyelinated axons (7) (8) (9) , the density of type II sodium channels in affected axons is greatly increased (10, 11) . In pure neuronal cell cultures, sodium channels are distributed diffusely along neurites. Addition of Schwann cells, oligodendrocytes, or oligodendrocyte culture supernatants to the neuronal cultures results in the clustering of channels, even in the absence of myelination (12, 13) . Identification of proteins that interact with sodium channels during this process would be an important step toward understanding its molecular basis.
The rat brain sodium channel consists of a large poreforming ␣ subunit of 260 kDa, a noncovalently associated ␤1 subunit of 36 kDa, and a disulfide-linked ␤2 subunit of 33 kDa (14) . Both ␤1 and ␤2 subunits modulate the gating of the ␣ subunit and increase its cell surface expression (15, 16) . During biosynthesis of sodium channels in cultured fetal brain neurons, excess free ␣ subunits without disulfide-linked ␤2 subunits are synthesized and maintained in an intracellular pool (17, 18) . Sodium channels that reach the cell surface contain disulfide-linked ␤2 subunits, consistent with the hypothesis that disulfide linkage with ␤2 subunits is correlated with cell surface expression in neurons (18, 19) . The ␤2 subunit is found only in neuronal sodium channels (14, 16) . It is expressed at high levels during the first 2-3 weeks postnatally in rat brain and retinal ganglion cells (16, 20, 21) , corresponding to the period of the largest increase of functional sodium channels on the cell surface and to the period of most active myelination and synapse formation.
The ␤1 and ␤2 subunits consist of a single transmembrane segment with a large amino-terminal extracellular domain and a small carboxyl-terminal intracellular domain (15, 16) . The amino acid sequences of the extracellular domains of ␤1 and ␤2 are predicted to form a single disulfide-linked V-type Ig-like fold similar to cell adhesion molecules, and the amino acid sequence of the ␤2 subunit is strikingly similar to two separate segments of the neural cell adhesion molecule contactin͞F3͞F11 (hereinafter called contactin) (16, 22) . Ig-like domains of cell adhesion molecules typically bind to extracellular proteins (23) (24) (25) , and contactin (26) specifically binds the extracellular matrix molecules tenascin-C and tenascin-R via the external loops in its Ig folds (27) (28) (29) (30) (31) . Tenascin-C, which is secreted by astrocytes and other cell types, is implicated in neuronal migration, axonal outgrowth, and tissue boundary formation (refs. 29 and 32; for review see refs. 33 and 34). Tenascin-R is secreted by oligodendrocytes during myelination and by some astrocytes and neurons. Like tenascin-C, it has complex effects on neuronal cell function (refs. 32 and 35-38; for review see refs. 33 and 34) .
It is likely that interactions of sodium channels with extracellular matrix proteins and intracellular cytoskeletal proteins are involved in their localization, immobilization, and function. Although the interaction between sodium channels and the intracellular cytoskeletal protein ankyrin has been established (39) , interactions with extracellular matrix proteins have not previously been described. In the experiments presented here, we examined the interaction of tenascin-C and tenascin-R with sodium channels in vitro.
EXPERIMENTAL PROCEDURES
Materials. Heterotrimeric sodium channels were purified from rat brain through the wheat germ agglutinin chromatography step as described (40) . cDNA clones encoding the domains of tenascin-C and tenascin-R were constructed as glutathione S-transferase (GST)-tagged fusion proteins in the pGEX-2T vector (Pharmacia) as described (30, 41) . Laminin was obtained from Boehringer Mannheim. Tenascin-C was obtained from Boehringer Mannheim, and tenascin-C and tenascin-R were also isolated from mouse brain as described (42) (43) (44) .
Protein Expression and Purification. cDNAs encoding specific regions of tenascin-C or tenascin-R in a modified pGEX bacterial expression vector (30, 41) were used to synthesize fusion proteins of these regions linked to GST by expression in Escherichia coli. The cDNAs were grown in E. coli BL236, a protease-deficient cell line (Pharmacia), in 50-ml cultures overnight at 37°C. The culture was diluted into a 500-ml flask and grown for 2 h at 37°C. Expression of the fusion protein was then induced with 0.1 mM isopropyl thiogalactoside, and the cells were grown for an additional 3 h. Purification steps were carried out on ice or at 4°C. The cells were harvested and washed, and the pellet was resuspended in Tris-buffered saline (TBS) at pH 7.4 with protease inhibitors. Sarkosyl was added to 1.5% and the suspension was sonicated by using a microtip probe at an output level of 4 and a 40% duty cycle. The mixture was sedimented at 12,000 ϫ g for 20 min. The supernatant was collected and Triton X-100 added to a final concentration of 2%. After incubation on ice for 30 min, the lysate was incubated with glutathione-Sepharose 4B beads (Pharmacia) and mixed by rotation at 4°C for 1 h. The beads were washed, and the tenascin moiety was eluted by proteolytic cleavage from the GST epitope tag with thrombin. Pefabloc SC (a serine protease inhibitor from Boehringer Mannheim) was added to the eluate to inhibit any residual thrombin, and the protein concentration was measured by using a Coomassie blue-based assay (Bio-Rad).
The cDNA encoding the extracellular domain of ␤2 was cloned into the pGEX vector to make a GST-␤2 fusion protein. The cells were grown and induced as above. Because of the insolubility of this protein, the cells were resuspended in TBS, pH 7.4, with protease inhibitors, sonicated, and sedimented. The supernatant was discarded, and the pellet resuspended in an 8 M urea solution. After incubation for 1 h at 4°C, the solution was diluted stepwise in TBS with protease inhibitors to a final urea concentration of 1 M. GlutathioneSepharose 4B beads were added and the mixture was incubated for 4-6 h at 4°C. The GST-␤2 protein was eluted with 15 mM glutathione. The protein concentration was determined as for the tenascin fusion proteins.
ELISAs. Solid-phase binding assays were carried out on Nunc maxisorb plates coated with 100 l of tenascin-C or tenascin-R, laminin, or purified tenascin domains at the indicated concentrations in TBS, pH 8.0, 1 mM MgCl 2 , 1 mM CaCl 2 for 2 h at 37°C. Nonspecific binding was blocked with 1% gelatin, and the plates were washed with TBS. Sodium channels containing ␣, ␤1, and ␤2 subunits were purified from rat brain and quantified by measurement of [ 3 H]saxitoxin binding activity (40) . They were then added at the indicated concentrations in 100 l of TBS, 1 mM MgCl 2 , 1 mM CaCl 2 , 0.1% Triton X-100, and 0.025% phosphatidylcholine for 2 h at 37°C. After washing, the plates were incubated with affinity-purified anti-SP1 antibody, which recognizes the ␣ subunit of the sodium channel (45) , in TBS, 5% (wt/vol) nonfat dry milk overnight at 4°C or for 2 h at 37°C. The microtiter plates were washed, and alkaline phosphatase-conjugated anti-rabbit IgG was added in TBS, 5% (wt/vol) nonfat dry milk for 2 h at 37°C. After extensive washing, 100 l of a developing solution containing 1 mg/ml nitrophenylphosphate was added and incubated for 20 min at room temperature, away from light. The reaction was stopped with the addition of 50 l of 2.5 M NaOH. Absorbance was measured at 410 nm. All values were obtained in triplicate and specific absorbance calculated by subtracting nonspecific absorbance (in the absence of sodium channel) from total absorbance. Similar experiments were carried out with GST-␤2 in place of sodium channels. The bound ␤2 extracellular domain was quantitated with the anti-␤2-2 antibody (16) in an ELISA as described above for intact sodium channels.
RESULTS
Binding of Purified Sodium Channels to Tenascin-C. To examine the interaction of the purified sodium channel with tenascin-C, the wells in microtiter plates were coated by treatment with tenascin-C solutions of increasing concentration, and purified sodium channel preparations were incubated in the wells. Unbound proteins were rapidly washed away, and bound sodium channel was quantitated by labeling with a specific antibody and an ELISA as described under Experimental Procedures. Increasing the concentration of tenascin-C adsorbed to the plate caused a progressive, approximately
FIG. 2. High affinity binding of sodium channels to tenascin-C.
Microtiter plates were coated with a fixed 100 nM concentration of tenascin-C or laminin. After washing, the indicated concentrations of sodium channels were added, incubated, washed, and quantitated by ELISA as described under Experimental Procedures. Half maximal binding of sodium channels was observed at 15 nM.
linear increase in binding of sodium channels (Fig. 1) . In contrast, increasing concentrations of laminin do not cause an increase in sodium channel binding (Fig. 1) . Binding of sodium channels saturated in the range of concentration of 125-150 M tenascin-C (data not shown). These results demonstrate specific binding of sodium channels to tenascin-C in preference to laminin.
With a fixed concentration of tenascin-C on the surface of the microtiter plate, binding of purified sodium channels was saturable (Fig. 2) . Half-maximal binding was observed at Ϸ15 nM sodium channel, consistent with a high affinity interaction between the purified channel and tenascin-C. Much lower levels of binding to laminin were observed under the same conditions (Fig. 2) . (Fig.  3) . The FN regions may be alternatively spliced, yielding tenascin-C molecules of varying sizes. Tenascin-R is smaller than tenascin-C but has a similar overall organization and structure. The different domains of the tenascins are implicated in different aspects of cell-to-cell signaling in neurons and glia (refs. 30, 35, 41, and 42; for review see refs. 33 and 34). To examine which regions of the tenascins can interact directly with sodium channels, we expressed clusters of the tenascin domains as fusion proteins with GST in E. coli, purified them by affinity chromatography, and cleaved them from the GST tag. Fig. 4A illustrates the binding of a fixed concentration of purified sodium channels to the different regions of tenascin-C in the ELISA assay. Significant binding is observed to fibronectin repeat regions FN1-2, FN-A, FN-B , and FN6-8. We did not observe significant binding to the EGF or fibrogenin domains of tenascin-C under the conditions of these experiments. We conducted a similar survey of sodium channel binding to the domains of tenascin-R, an isoform expressed primarily by glial cells in the nervous system. As for tenascin-C, we observed specific binding to the fibronectin domains FN1-2 and FN6-8, but not to the EGF-like domains (Fig. 4B) .
Binding of Sodium Channels to Domains of Tenascin-C and Tenascin-R. Tenascin-C is composed of a series of epidermal growth factor (EGF)-like repeats, a series of fibronectin type III (FN)-like regions, and a fibrinogen-like region (FG)
Binding of the ␤2 Subunit of Sodium Channels to Tenascin-C and Tenascin-R. Titration experiments similar to the one in Fig. 1 detected binding of the ␤2 subunit extracellular domain to tenascin-C (data not shown). To test whether the ␤2 subunit can bind to the tenascins with the same specificity as the intact sodium channel, we expressed the extracellular domain of the ␤2 subunit in E. coli as described under Experimental Procedures and examined its binding to immobilized tenascin domains. The expressed extracellular domain of the ␤2 subunit binds most effectively to FN1-2 of tenascin-C with measurable specific binding also observed for FN-A,  FN-B, and FN6-8 (Fig. 5A) . Like the intact sodium channel, the ␤2 subunit binds only to FN1-2 and FN6-8 of tenascin-R, although the binding of purified sodium channel to FN1-2 is greater than observed for ␤2 (Fig. 5B ). There is little or no high affinity binding to FN3-5 or the EGF-like regions. The similarities in binding specificity between the intact sodium 
DISCUSSION
Sodium Channels Bind to Tenascin-C and Tenascin-R. Our results demonstrate direct binding of neuronal voltage-gated sodium channels to tenascin-C and tenascin-R. In the in vitro binding assays described here, the interaction of purified sodium channels with immobilized tenascin is specific and saturable with an apparent K d of 15 nM. Because the tenascins are widely expressed and secreted by astrocytes, Schwann cells, and oligodendrocytes in the nervous system, their interaction with sodium channels of neighboring neurons is likely to immobilize them in the cell surface membrane.
Multiple Fibronectin Domains of Tenascin-C and Tenascin-R Participate in the Interaction with Sodium Channels. The tenascins are modular proteins with many distinct domains that are thought to interact with other molecules. Their EGF, fibronectin, and fibrinogen domains are all candidates for protein-protein interactions. Our results support the idea that the fibronectin domains of tenascin-C and tenascin-R are responsible for the high affinity interaction with sodium channels. The FN1-3 and FN6-8 domains of tenascin-C and the FN1-2 and FN6-8 domains of tenascin-R bind to sodium channels directly. In addition, the FN-A and FN-B domains of tenascin-C are also capable of specific binding to sodium channels. Cerebellar and hippocampal neurons adhere to FN1-2, FN6-8, and the alternative splice variants of tenascin-C (32, 41) , and cerebellar neurons adhere to FN1-2 and FN6-8 from tenascin-R (30, 44) . Interactions with sodium channels in these neurons may contribute to these cellular interactions.
Expressed ␤2 Subunits Bind to the Fibronectin Domains of Tenascin-C and Tenascin-R. The ␤2 subunits of sodium channels have substantial amino acid sequence similarity with contactin in their Ig-fold motif (16) , and contactin binds to the tenascins (27, 28) . Therefore, it is likely that the ␤2 subunits mediate the interaction of the sodium channel with tenascin. Our results provide support for this idea because the specificity of binding of the expressed ␤2 subunits to the different domains of the tenascins was similar to the specificity of binding of the native sodium channel. The extracellular domain of the ␤2 subunits bound preferentially to the FN1-2, FN6-8, FN-A, and FN-B domains of tenascin-C and the FN1-2 and FN6-8 domains of tenascin-R. We were not able to compare the affinity of the ␤2 extracellular domain to that of the native sodium channel because the low level of recovery of correctly folded ␤2 subunits after expression in E. coli prevented determination of the concentration dependence and stoichiometry of binding to the fibronectin domains of the tenascins. Additional experiments to compare the affinity of the expressed ␤2 subunits to that of the native sodium channel complex and to test the ability of the ␤2 subunit to compete with native sodium channels for binding will be required before the relative roles of the ␣, ␤1, and ␤2 subunits in binding of sodium channels to the tenascins can be more critically assessed.
Functional Significance of the Interaction of Sodium Channels with Tenascin-C and Tenascin-R. High density localizations of sodium channels are found in axon initial segments (3, 4) , where they initiate action potentials (1, 2) , and in nodes of Ranvier in myelinated axons (5, 6) , where they allow discontinuous saltatory conduction. In the mutant mouse shiverer, which lacks myelin basic protein and has hypomyelinated axons (7-9), sodium channels are localized all along the axon instead of clustered at nodes of Ranvier (10, 11) . These results implicate interaction with oligodendrocytes in control of sodium channel localization in myelinated central axons. In wild-type mice, sodium channels become clustered in developing myelinated axons in vivo or in cell culture before the myelin sheath is formed (46, 47) . Protein factors released by oligodendrocytes stimulate sodium channel clustering in axons developing in cell culture (13) . These secreted factors may include the tenascins and related extracellular matrix molecules. Binding of the tenascins to sodium channels may form the initial clusters of sodium channels or may immobilize sodium channels and stabilize sodium channel clusters after they have formed. In addition, binding of the tenascins to sodium channels may initiate local signaling events that regulate cell-cell interactions important for axonal growth and myelination. For example, the EGF-like domains of tenascin-R can modulate adhesion of fibroblast cells expressing sodium channel subunits through a pathway that involves protein kinase C (48) . High affinity interaction with the fibronectin domains of sodium channels may allow local signaling through the EGF domains that may interact with sodium channels with an affinity too low to be detected in our in vitro binding experiments or with other local cell surface signaling proteins. Further analysis of the cell-cell interactions and intracellular 
